The amyloid precursor protein (APP) has been extensively investigated for its role in the production of amyloid beta (Aβ), a plaque-forming peptide in Alzheimer's disease (AD). Epidemiological evidence suggests type 2 diabetes is a risk factor for AD. The pancreas is an essential regulator of blood glucose levels through the secretion of the hormones insulin and glucagon. Pancreatic dysfunction is a well-characterized consequence of type 1 and type 2 diabetes. In this study, we have examined the expression and processing of pancreatic APP to test the hypothesis that APP may play a role in pancreatic function and the pathophysiology of diabetes. Our data demonstrate the presence of APP within the pancreas, including pancreatic islets in both mouse and human samples. Additionally, we report that the APP/PS1 mouse model of AD overexpresses APP within pancreatic islets, although this did not result in detectable levels of Aβ. We compared whole pancreas and islet culture lysates by Western blot from C57BL/6 (WT), APP −/− and APP/PS1 mice and observed APP-dependent differences in the total protein levels of GLUT4, IDE and BACE2. Immunohistochemistry for BACE2 detected high levels in pancreatic α cells. Additionally, both mouse and human islets processed APP to release sAPP into cell culture media. Moreover, sAPP stimulated insulin but not glucagon secretion from islet cultures. We conclude that APP and its metabolites are capable of influencing the basic physiology of the pancreas, possibly through the release of sAPP acting in an autocrine or paracrine manner.
Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disease currently affecting 5.3 million Americans. By 2050, it is expected that the number of US citizens afflicted with AD will rise to 16 million (Alzheimer's Association 2015). Several lines of evidence indicate that metabolic dysfunction, insulin resistance and perturbations in cerebral glucose utilization may play a critical role in the disease process (Hoyer 1991 , Biessels et al. 2006 , De Felice & Ferreira 2014 , de la Monte 2014 , Bedse et al. 2015 . Type 2 diabetes, or insulin resistance, is reported to be a risk factor for developing dementia and evidence suggests insulin signaling dysfunction occurs in the brains of AD patients (Talbot et al. 2012 , Crane et al. 2013 .
One protein thought to be critical in the development of AD is Aβ, a self-aggregating peptide cleaved from the larger amyloid precursor protein (APP) (Goldgaber et al. 1987 , Selkoe et al. 1988 . APP is a single-pass transmembrane protein of uncertain function highly expressed in the CNS and detectable in many other cell types (Arai et al. 1991 , Konig et al. 1992 , Schlossmacher et al. 1992 . It is cleaved by proteases such as beta-site amyloid precursor protein-cleaving enzyme 1 (BACE1) and gamma secretase 235:1 to release N-terminal fragments (sAPPα and sAPPβ) and varying size Aβ fragments (Aβ 1-40 and Aβ 1-42). Much of the research focused on APP biology has been in the context of Aβ plaque deposition in the central nervous system. However, it is known that higher-molecularweight isoforms of APP are present in many peripheral organs (Selkoe et al. 1988) . Our recent work has focused on characterizing APP expression and function in several peripheral tissues including intestinal and adipose tissue (Sondag & Combs 2010 , Puig et al. 2012 , Puig & Combs 2013 .
The pancreas has an essential role in the regulation of blood glucose levels, primarily through the secretion of the hormone insulin from pancreatic β cells. Pancreatic dysfunction is a well-known consequence of both type 1 and type 2 diabetes (Ashcroft & Rorsman 2012) . Numerous studies in both primates and mice suggest that damaging or stressing the endocrine pancreas may promote changes in the central nervous system associated with the pathogenesis of AD (Ho et al. 2004 , Julien et al. 2010 , Takeda et al. 2010 , Wang et al. 2010 , MoralesCorraliza et al. 2016 . Injections of insulin into a transgenic mouse model of AD have been shown to improve the memory of these mice as well as alter circulating concentrations of Aβ (Vandal et al. 2014) . Administration of insulin into the brain intranasally is being explored as a cognitive enhancing therapeutic strategy in patients with AD (Reger et al. 2008 , Holscher 2014 , Claxton et al. 2015 , Zhang et al. 2015 .
Like AD, diabetes has its own plaque pathology, in which the self-aggregating peptide amylin, or IAPP, is co-secreted with insulin and damages pancreatic islets (Westermark et al. 1987 , Lorenzo et al. 1994 . Whether Aβ itself influences pancreatic IAPP aggregation through crossseeding or injures islets independently of IAPP remains uncertain. There are conflicting reports of the detection of amyloid beta within human islets (Miklossy et al. 2010 , Oskarsson et al. 2015 . Increased levels of Aβ or Aβ aggregates have been detected within the pancreas of some transgenic mouse models of AD (Shoji et al. 1998 , Wegiel et al. 2000 , Vandal et al. 2015 .
There is evidence that suggests that the endogenous functions of APP may be linked to the regulation of insulin secretion and signaling or whole body metabolism. The detection of APP has been reported in the exocrine and endocrine pancreas by immunohistochemistry and in situ hybridization, respectively (Beer et al. 1995 , Figueroa et al. 2001 . Additionally, a rigorous analysis of mice lacking APP (APP −/− ) and/or the related APLP2 gene shows changes in circulating blood glucose concentrations (Needham et al. 2008) . Another report has suggested APP may directly regulate the process of insulin secretion from pancreatic islets (Tu et al. 2012) . In this study, we examine murine and human pancreatic tissue to test the hypothesis that APP or Aβ plays a role in pancreatic function or pathophysiology, respectively.
Methods and materials

Animals
The APP-knockout mice (APP −/− ) strain B6.129S7-App tm1Dbo /J, the APP/PS1 transgenic mouse line, strain 005864 B6.Cg-Tg (APPswe,PSEN1dE9)85Dbo/Mmjax and wild-type mouse line, C57BL/6, were purchased from the Jackson Laboratory (Bar Harbor, Maine). The APP −/− mice have the APP gene knocked out in the entire organism by the insertion of a neomycin resistance cassette into the promoter region and Exon 1 of the APP gene. The APP/PS1 mice express the Swedish mutation in APP and deltaE9 mutation in the PS1 gene under the control of the mouse prion promoter. APP/PS1 mice have been shown to develop AD-like Aβ plaques within the brain around 6 months of age. Females from all three strains of mice were collected at 2 and 12 months of age for analysis.
Animal use
All animal use was approved by the University of North Dakota Institutional Animal Care and Use Committee (UND IACUC) protocols 1505-4 and 0712-1C. Mice were provided food and water ad libitum and housed in a 12-h light/ darkness cycle. The investigation conforms to the National Research Council of the National Academies Guide for the Care and Use of Laboratory Animals (8th edition).
Human tissue
Acetone-fixed 10 µm healthy and diseased human pancreatic tissue sections were obtained from BioChain (Newark, CA, USA). Isolated pancreatic islets were obtained from Prodo Labs (Aliso Viejo, CA, USA). Tissue use was approved by the UND Institutional Review Board (protocol IRB-200412-198) .
Western blots
Whole pancreas, isolated murine islets and isolated human islets were lysed in RIPA buffer containing protease 235:1 inhibitor (Sigma P8340) on ice. Protein concentrations were determined using the Bradford method (Bradford 1976) . 5-20 µg of protein were resolved by 10% SDS-PAGE, transferred to PVDF membranes and Western blotted with chemiluminescent visualization.
Antibodies
Antibodies against full-length APP (ab32136), BACE2 (ab8025), glucagon (ab10988), IDE (ab32216) and the insulin receptor (ab69508) were purchased from Abcam. Antibodies against insulin (L6B10), p-GSK3β (D3A4), GSK3β (D5C5Z), p-AKT (193H12) and AKT (C67E7) were purchased from Cell Signaling Technology, Inc. The monoclonal 4G8 antibody targeting the Aβ peptide used in these studies was purchased from Covance (Princeton, NJ, USA) and is now available from Biolegend (San Diego, CA, USA). Antibodies against the N-terminus of APP (MAB348), GLUT2 (07-1402) and GLUT4 (07-1404) were purchased from Millipore (Darmstadt, Germany). Antibodies against GLUT1 (sc-7903), GLUT3 (sc-7682) and ZNT8 (sc-98243) were purchased from Santa Cruz Biotechnology, Inc. The antibody for amylin (250470) was purchased from Abbiotec (San Diego, CA, USA). The antibody against human APP (803001) was purchased from Biolegend (San Diego, CA, USA). The antibody against Aβ oligomers (11610) was purchased from Cayman Chemical. The antibody against neprilysin (MAB1126) was purchased from R&D Systems.
Immunohistochemistry/immunofluorescence
Pancreatic tissue was fixed in 4% paraformaldehyde (PFA) and cut into 10 µm serial sections by cryostat. Mouse brains were fixed in 4% PFA, embedded in gelatin and serial sectioned to a thickness of 40 µm using a sliding microtome. The tissue was incubated overnight in primary antibody diluted in a PBS-based solution (1% Triton X-100, 3% BSA, 2% horse serum). Vector VIP (Vector Labs, Burlingame, CA, USA) was used as the chromogen for visible light microscopy. For immunofluorescent co-localization, Alexa Fluor 594 and Alexa Fluor 488 conjugated secondary antibodies (Life Technologies) were used with a DAPI counterstain. Nonspecific binding of secondary antibodies was assessed by applying only the secondary antibody in blocking PBS solution. BACE2 epitope blocking peptide studies were conducted by incubating tissue with 1 µg/mL anti-BACE2 antibody with or without 2 µg/mL BACE2 blocking peptide (Abcam ab8392). BACE2 staining was quantified by using Photoshop CS6 software. Images of islets were converted to greyscale and traced around the periphery to assess total islet BACE2 staining intensity. The total islet staining intensity was divided by the total area assessed to normalize for islet size. A total of twelve nonserial sections from 12-month-old animals (n = 8) from each strain were stained and assessed in this manner. A minimum of twenty islets from each strain of mice was analyzed for its BACE2 staining intensity. Values obtained from this analysis were normalized to the mean staining intensity value of the wild-type strain.
Thioflavin S staining
Thioflavin S staining was optimized in APP/PS1 mouse brain tissue and then performed in pancreatic tissue by first quenching endogenous fluorescence by incubating slides in 0.2% Sudan Black dissolved in 50% ethanol for 5 min. Slides were then washed in PBS and then incubated in 0.02% thioflavin S dissolved in dH 2 O for 30 min. Slides were washed again in PBS then dehydrated and coverslipped in Permount.
Enzyme-linked immunosorbent assays (ELISA)
Human Aβ ELISA kits (Millipore) were utilized for quantitation of tissue and islet culture Aβ. Whole pancreas tissue was lysed in radioimmunoprecipitation assay buffer (RIPA) to yield detergent soluble Aβ. Aβ in islet cultures was assessed by hand picking islets directly from culture and lysing 20 islets of similar size from each animal in 100 µL SDS-free Triton X-100 buffer. This lysate was then pulse sonicated and the lysate Aβ was immediately measured by ELISA. To assess islets for quantitation of total pancreatic insulin and insulin secretion from murine islets, a mouse insulin ELISA kit (Millipore ZRMI-13K) was used. Total pancreatic glucagon content was assessed using a glucagon ELISA kit (R&D Systems). Tissue samples were normalized by total sample protein as determined by the Bradford method. Human islet insulin secretion was quantified using a human insulin ELISA kit (Invitrogen KAQ12511). ELISAs were performed as recommended by the manufacturer's instructions.
Pancreatic islet isolation and culture
Pancreatic islets were isolated from C57BL/6 and transgenic mice using modifications of prior methods 235:1 (Szot et al. 2007 , Stull et al. 2012 The pancreas was first perfused by cannulating the bile duct with a combination of 1 mg/mL collagenase and thermolysin (products C9407 and P1512, Sigma Aldrich) in a sterile HBSS solution. The hepatic bile duct was closed using silk sutures prior to protease injection to direct fluid into the pancreas. Whole pancreas was then removed and placed in 50 mL tubes containing HBSS on ice. To initiate digestion, the tubes were then placed in a 37° water bath and digestion was monitored with intermittent mechanical disruption. After approximately 10-15 min, islets were then isolated from crude tissue extract by density centrifugation along a Histopaque (Sigma Aldrich) gradient before further purification using 70 µm filters. Islets from individual animals were cultured separately in RPMI-1640 (Sigma Aldrich) containing 5 mM glucose, 10% FBS, 1% glycine and 1% penicillin/neomycin/streptomycin. Human cadaveric pancreatic islets were obtained from Prodo Labs and cultured in RPMI-1640 (Sigma Aldrich) containing 5 mM glucose, 10% FBS, 1% glycine and 1% penicillin/ neomycin/streptomycin for 24 h before experiments were conducted.
Min6 cell line culture and glucose-stimulated insulin secretion (GSIS) assay
The murine MIN6 beta cell line was purchased from Addexbio Technologies (San Diego, CA, USA). MIN6 cells were cultured in DMEM/F12 media (Thermo Fisher Scientific) supplemented with 15% FBS and 0.05 mM 2-mercaptoethanol. MIN6 pseudoislets were produced by seeding MIN6 cells in low-attachment cell culture plates (Product #3471) (Corning Incorporated). Three days after seeding and pseudoislet formation, MIN6 pseudoislets were utilized in a GSIS assay. Pseudoislets were first removed from cell culture media by wheel pipette and placed into Krebs Ringer buffer (137 mM NaCl, 4.7 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 2.5 mM CaCl 2 , 25 mM NaHCO 3 ) containing .05% BSA and 3.7 mM glucose for 60 min. Following incubation, pseudoislets were placed in fresh Ringer buffer and then ten pseudoislets of similar size were selected by wheel pipette and placed into 1.5 mL tubes containing 300 µL Krebs Ringer Buffer with 3.7 or 16.7 mM glucose and 0.05% BSA. For sAPPα (Product S9564, St. Louis, MO, USA) stimulation experiments, the glucose solution was supplemented with 1 or 10 nM sAPPα. After 1 h of stimulation, supernatants were collected and frozen at −80°. Insulin concentration was determined in supernatants using mouse insulin ELISA kit (Millipore ZRMI-13K).
Human and mouse primary islet culture glucosestimulated insulin secretion (GSIS) assay
Human or murine islets were cultured for 24 h in RPMI-1640 with 5 mM glucose and 10% FBS. Islets were hand-picked from culture and incubated for 1 h prior to the GSIS assay in Krebs Ringer buffer (137 mM NaCl, 4.7 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 2.5 mM CaCl 2 , 25 mM NaHCO 3 ) containing .05% BSA and 3.7 mM glucose. Following incubation, the islets were placed in fresh Ringer buffer. 8-10 islets/experiment were then hand selected and placed into sterile 1.5 mL tubes containing 300 µL Krebs Ringer Buffer with glucose and BSA. For sAPPα (Product S9564) stimulation experiments, the glucose solution was supplemented with 10 nM sAPPα. For human islet stimulations, a range of glucose concentrations were used (3.7, 10, and 16.7 mM) to span from low to high concentrations. Due to limitations in animal numbers of the WT, APP −/− and APP/PS1 genotypes as well as the increased time required to hand select islets from the 3 genotypes for multiple conditions in the time-sensitive GSIS assay, we chose the 5 mM glucose concentration for the murine islet stimulation since it is physiologically relevant, and we had observed the strongest and most consistent effect of sAPP stimulation of human islets near this concentration. After one hour, supernatants were frozen at −80°. Samples were thawed and diluted using sterile Ringer's buffer prior to ELISA.
Glucose tolerance testing
Two-month-old WT, APP −/− and APP/PS1 animals were fasted for 5 h before receiving 2 g/kg glucose by oral gavage. Prior to gavage and at times 15 min, 30 min, one hour and two hours after gavage, blood glucose was measured by tail clipping and the TRUEresult glucometer (Home Diagnostics, Inc, Fort Lauderdale, FL, USA)
Statistical analysis
Statistical analysis was performed using SigmaPlot 12.0 software. Values were averaged +/−s.d. and statistical significance was determined via one-way ANOVA, twoway ANOVA or t-test, as appropriate. In the case of statistical significance, the Turkey-Kramer post hoc test or Holm-Sidak multiple pairwise comparisons were used where applicable.
Results
APP was expressed within the endocrine pancreas
To begin studying APP in the pancreas, we examined whole pancreatic tissue collected from two-month-old wild-type C57B6 (WT), APP −/− and APP/PS1 mice. The APP −/− animals have the APP gene knocked out in all tissues. APP/PS1 mice overexpress both human APP and the Presenilin-1 protein under the control of the prion promoter. This leads to high transgene expression in the central nervous system and results in Aβ plaque deposition in the brain with age. Pancreatic protein lysates were resolved by 10% SDS-PAGE and immunoblotted to compare expression of APP (Fig. 1A) . APP was detected in wild-type pancreas, absent in APP −/− tissue and overexpressed in APP/PS1 mice. However, the human APP695 transgene migrated at an apparent lower molecular weight than endogenous mouse APP, consistent with reported expression of higher-molecular-weight isoforms in peripheral tissues (Selkoe et al. 1988) .
In order to determine which cell types were expressing APP, immunohistochemistry was next performed. Pancreas from both two-and twelve-month-old WT, APP −/− and APP/PS1 mice was serial sectioned and stained using antibodies against the c-terminus of APP (Fig. 1B) . Endogenous APP immunoreactivity localized to both endocrine and exocrine pancreas, with clear immunoreactivity in pancreatic islets at 12 months of age. APP immunoreactivity in the APP/PS1 transgenic mice robustly localized to islets at either age.
Following our investigation of murine tissue, we determined whether human pancreatic islets also expressed APP. Immunohistochemistry was performed on healthy, type 2 diabetes and cancerous human pancreatic tissue using antibodies directed against the c-terminus of APP. Similar to the mouse tissue findings, we observed clear APP immunoreactivity within the endocrine pancreas of all three tissue types (Fig. 1C) . Pancreatic adenocarcinoma samples showed particularly robust APP islet immunoreactivity (Fig. 1C , Supplementary  Fig. 1 , see section on supplementary data given at the end of this article). This is in agreement with a number of studies demonstrating upregulated APP in pancreatic cancer where it may play a role in the disease process (Hansel et al. 2003 , Woods & Padmanabhan 2013 .
The islet-enriched APP immunoreactivity was validated by Western blot analysis from both murine and human islet cultures. Islets grown from WT, APP −/− and APP/PS1 mice demonstrated the expected increase in APP expression in the APP/PS1 line with no detectable APP in the APP −/− mice (Fig. 1D) . Human islet cultures also demonstrated robust APP levels via Western blot analysis (Fig. 1D) .
Pancreatic islets are primarily composed of insulinproducing β cells. To determine whether APP localized within these specialized cells, we next examined pancreas from the APP/PS1 mouse by immunofluorescence using primary antibodies against APP and insulin. APP immunoreactivity was highly localized to the insulinproducing cells in the APP/PS1 mice ( Fig. 2A) . Using the same approach, we confirmed that APP localized to β cells of the human pancreas (Fig. 2B) .
Pancreatic APP was not processed to Aβ
The presence of Aβ-containing plaques has been reported in the pancreas of some strains of transgenic mice although evidence of Aβ in human pancreas is conflicting (Miklossy et al. 2010 , Oskarsson et al. 2015 . To determine whether Aβ was present in our transgenic samples, we utilized two methods, ELISA and immunohistochemistry, to detect Aβ in mouse and human pancreas. Human Aβ 1-40 and 1-42 was quantified by ELISA from WT, APP −/− and APP/PS1 hippocampus, pancreas and primary islet culture lysates from twelve-month-old animals (Fig. 3A) . Interestingly, while high concentrations of human Aβ were detectable in the brain lysates of APP/PS1 transgenic animals, we did not detect a significant increase in Aβ in the pancreas or islet lysate of these animals. Taken together, these data suggest that APP is processed by alternative mechanisms in the pancreas as compared to brain.
To further investigate the possibility of pancreatic Aβ production, we utilized immunohistochemistry to stain for Aβ. Since we and others have previously observed that the APP/PS1 line accumulates brain Aβ deposits in an age-dependent manner (Gordon et al. 2002 , Manocha et al. 2016 , WT and transgenic mouse pancreas were immunostained to detect Aβ at two and twelve months of age (Fig. 3B) . A faint amount of immunoreactivity was observed in 12-month-old APP/PS1 islets relative to the APP −/− and WT mice likely due to the anti-Aβ antibody, 4G8, cross-reacting with fulllength APP. However, there were clearly no distinct signs of Aβ plaque deposition in either the two-or twelve-monthold mouse pancreas. We also examined healthy, type 2 diabetes and adenocarcinoma human pancreas tissue for Aβ immunoreactivity as well as for nonspecific amyloids 235:1 by thioflavin staining (Fig. 3B, Supplementary Fig. 2 ). While thioflavin S stained several areas of both healthy and type two diabetic pancreas, no detectable Aβ plaquelike deposits were observed although some scattered puncta, which may correspond to Aβ or sAPP were noted in all conditions, including within pancreatic islets. Following these negative results, we sought to determine if the methodology we employed was sufficient to detect amyloid deposits. We performed immunostaining for Aβ in addition to thioflavin S staining in 12-month WT and APP/PS1 mouse brain tissue sections ( Supplementary  Fig. 2 ). As expected, APP/PS1 brains showed abundant plaque deposition using both methods without detectable plaques in WT brains ( Supplementary Fig. 2 ) in contrast to a clear lack of any plaque-like deposits in the pancreas (Fig. 3B ).
Figure 1
Amyloid precursor protein was detected in mouse and human pancreas including islets of Langerhans. (A) Whole pancreas was collected from C57BL/6 (WT), APP −/− and APP/PS1 mice (n = 7) and lysed in RIPA buffer. 20 µg of protein were resolved by 10% SDS-PAGE and Western blotted using anti-APP (Y188) antibody or anti-GAPDH antibody as a loading control. Normalized optical density was averaged ± s.d., *P < 0.05. (B) Pancreas was harvested from C57BL/6 (WT), APP/PS1 and APP −/− at 2 months (n = 7) and 12 months (n = 4) of age. Tissue was fixed in 4% paraformaldehyde and cryosectioned into 10 µm serial sections. Immunohistochemistry was performed using anti-APP (Y188) antibody. Vector VIP was used as the chromogen. (C) Immunohistochemistry was performed on human pancreatic tissue. Pancreas from a healthy 77-year-old male donor, 68-year-old male type 2 diabetic donor and a 66-year-old male with pancreatic adenocarcinoma was probed using anti-APP antibody (Y188) with vector VIP used as the chromogen. (D) Representative Western blot of protein lysates from cultured pancreatic islets from WT, APP −/− and APP/PS1 mice. Islet protein was resolved by 10% SDS-PAGE, transferred to PVDF and immunoblotted using anti-APP antibody (Y188). Islets from a healthy 55-year-old male donor were cultured, and then lysed in RIPA buffer and resolved using 10% SDS-PAGE, and then transferred to PVDF membrane and Western blotted using anti-APP antibody, 22C11.
235:1 APP/PS1 mice showed no differences in glucose tolerance testing or pancreatic insulin levels but had significantly decreased pancreatic glucagon compared to WT and APP −/− mice An essential function of the pancreas is to regulate blood glucose levels. In order to test if differences in pancreatic islet APP content caused changes in whole body glucose tolerance, we subjected WT and transgenic animals to 2 g/kg glucose challenge by oral gavage. Blood glucose measurements were taken from tail clipping after four hours of fasting and at 15, 30, 60 and 120 min after glucose challenge ( Fig. 4A and B) . Surprisingly, no differences were observed across genotypes. In addition to assessing glucose tolerance, we also homogenized whole pancreas from 2-month-old animals and assessed their insulin and glucagon content by ELISA (Fig. 4C and D) . Glucagon concentrations from APP/PS1 pancreas were significantly lower than WT and APP −/− mice although no changes in insulin content were detected across genotypes. Based upon the glucagon differences, APP/PS1 pancreas tissue was fluorescently double labeled with anti-APP and glucagon antibodies. Although there were relatively few glucagon immunoreactive cells, it was clear that they colocalized with APP immunoreactivity suggesting that transgene expression alters the biology of these cells (Supplementary Fig. 3 ).
APP expression modulated pancreatic BACE2, GLUT4 and IDE levels in the transgenic mice
To better understand the contribution of APP expression to pancreatic physiology, we quantified protein levels from homogenized murine pancreas of WT and transgenic animals by Western blot with a particular focus on proteins involved in insulin signaling, glucose uptake and Aβ degradation (Fig. 5) . Although no changes in protein levels 
Figure 4
No difference in glucose tolerance or pancreatic insulin content was observed in 2-month-old APP −/− and APP/PS1 mice, but whole pancreas glucagon content was reduced in transgenic APP/ PS1 mice. 2-month-old WT, APP −/− and APP/PS1 mice were subjected to glucose tolerance testing. Prior to testing, mice were fasted four hours and then received 2 g/kg glucose by oral gavage. (A) Blood glucose was measured at intervals by blood glucose meter (n = 4-7). (B) The area under the curve (AUC) from glucose tolerance testing of each mouse was measured and the results from each strain are graphed. Each strain was normalized to the mean AUC of the WT strain. Whole mouse pancreas was lysed using RIPA buffer. (C) Insulin (n = 6-7) and (D) glucagon (n = 6-7) content were assessed by ELISA. Data are shown as mean values +/− s.d., *P < 0.05.
235:1
of the glucose transporters GLUT1, GLUT2 or GLUT3 were observed across genotypes, protein levels of GLUT4 were significantly elevated in APP −/− mice compared to WT and APP/PS1 mice. No differences in insulin receptor (IR), pAkt or pGSK3β levels were observed. Similarly, total protein levels of zinc transporter 8 (ZNT8) did not differ across species. BACE2 has been suggested to both interact with APP in vitro as an α-secretase and play a role in pancreatic insulin secretion through the cleavage of its substrate, TMEM27 (Yan et al. 2001 , Esterhazy et al. 2011 . We assessed BACE2 protein levels using an antibody against an amino acid sequence within the prodomain of BACE2 that is not found in BACE1 (Bennett et al. 2000) . Strikingly, total protein levels of BACE2 were significantly reduced in APP −/− and APP/PS1 compared to WT indicating that APP may influence the expression or activity of BACE2 in the pancreas. Since both Aβ and insulin are degraded by a common enzyme, insulin-degrading enzyme (IDE) (Qiu et al. 1998) , we quantified IDE protein levels to observe a significant increase in APP −/− mice compared to all other genotypes. We also quantified protein levels of another Aβ degrading enzyme, neprilysin, but detected no differences across genotypes. This suggested that APP has a role in regulating the expression of GLUT4, IDE and BACE2 in the pancreas.
BACE2 immunoreactivity was localized to islet periphery with decreased immunoreactivity in APP/PS1 mice with no concomitant increase in Aβ immunoreactivity
Following our observation of changes in pancreatic BACE2 and IDE protein levels, we performed immunohistochemistry on 2-month-old WT and transgenic mouse pancreatic serial sections to determine where changes in protein expression localized (Fig. 6A) . Increased immunoreactivity for IDE was observed in APP −/− tissue, with the higher levels of IDE observed in the acinar tissue of the pancreas. Immunohistochemistry for BACE2 using antibodies Differences in 2-month-old mouse pancreatic BACE2, IDE and GLUT4 were observed by Western blot. Whole pancreas from WT, APP −/− and APP/PS1 mice was lysed in RIPA buffer and resolved using 10% SDS-PAGE. Protein was transferred to PVDF membrane and Western blotted for multiple proteins using GAPDH as a loading control. Optical density was measured and normalized to mean WT optical density (n = 7). Data are expressed as mean values +/− s.d., *P < 0.05.
235:1
directed against the N-terminal prosequence revealed BACE2 expression within the endocrine pancreas, with the highest levels of immunoreactivity at the periphery of islets. In agreement with the Western blots, BACE2 immunoreactivity was notably less robust in APP/PS1 mice compared to WT. To validate this pattern of BACE2 tissue expression and further investigate APP processing within pancreatic islets, we performed immunohistochemistry on 12-month-old WT and transgenic mouse pancreas sections using primary antibodies against BACE2, IAPP, CD68 and Aβ Glucagon (Fig. 6B, Supplementary Fig. 4 ) Immunohistochemistry for BACE2 revealed a similar pattern of protein expression at 12 months of age as was observed at 2 months, with the highest levels of BACE2 detected at the periphery of the islets. We further validated our BACE2 immunohistochemistry results by performing peptide blocking studies in mouse tissue to demonstrate the specificity of the BACE2 islet staining ( Supplementary Fig. 4) . Antibody pre-incubation with the BACE2 epitope blocking peptide completely abolished islet BACE2 staining at the islet periphery demonstrating our immunohistochemistry results are specific to the BACE2 epitope. We also quantified the intensity of BACE2 and glucagon immunoreactivity in mouse islets and observed significantly less BACE2 and glucagon staining in APP/PS1 mouse islets ( Supplementary  Fig. 4 ). No differences in IAPP/amylin aggregation were observed across mouse genotypes, which is as expected as mouse amylin is not known to form amyloid plaques. No Aβ plaque-like structures were detectable using antibodies against monomeric or oligomeric Aβ. Staining with anti-CD68 antibody to detect macrophages did not reveal any differences in islet macrophage infiltration suggesting local overexpression of APP within islets did not result in local Aβ-mediated immune activation as is known to occur in the central nervous system (Jimenez et al. 2008 , Dhawan et al. 2012 . As expected, mouse glucagon was localized primarily at the islet periphery.
Immunohistochemistry for BACE2 demonstrated differential BACE2 localization in α and β cells in both mouse and human tissue
To determine the identity of the pancreatic islet cells stained positive for BACE2, we performed immunofluorescent double labeling of tissue from WT 2-month-old animals for BACE2 and either insulin or glucagon (Fig. 7A) . Surprisingly, BACE2 immunoreactivity was highest in cells staining positive for glucagon suggesting BACE2 may be differentially active or expressed in pancreatic α compared to β cells. The staining of α-cells at the periphery of the islet is consistent with the known anatomical organization of murine pancreatic islets of Langerhans (Cabrera et al. 2006) . Using this approach, we stained WT, APP −/− and APP/PS1 mouse pancreas for both BACE2 and insulin, and obtained complimentary results indicating the BACE2 enzyme localized within the islets and was more highly immunoreactive outside the insulinproducing cells at the periphery of the islets ( Supplementary  Fig. 5 ). We then co-labeled human pancreatic tissue for BACE2 and glucagon in the absence or presence of the BACE2 epitope blocking peptide to determine if BACE2 was also present in human α cells (Fig. 7B) . Interestingly, we again observed robust BACE2 immunoreactivity in glucagonpositive cells, indicating this pattern of BACE2 expression is conserved across mouse and human α cells. Pre-incubation Figure 6 Immunohistochemistry of 2-and 12-month-old mouse pancreas. (A) Immunohistochemistry was performed on WT, APP −/− and APP/PS1 mouse 2-monthold 10 µm pancreas cryosections using primary antibodies against IDE and BACE2 (n = 7). Tissue was fixed with 4% paraformaldehyde and Vector VIP chromogen was used as the chromogen. (B) Immunohistochemistry was performed on 12-month-old murine 10 µm pancreas cryosections (n = 4). Primary antibodies against amylin/IAPP, BACE2, CD68, Aβ oligomers (MOAB-2) and Aβ were utilized to detect proteins. Vector VIP was used as the chromogen.
with the BACE2 epitope blocking peptide eliminated BACE2 immunoreactivity in α cells, indicating this antibody staining was specific to the BACE2 protein epitope.
Primary murine islet cultures showed significant differences in APP and IDE content
Only a small fraction of the pancreas is composed of hormone-secreting endocrine cells. To determine if protein differences observed in the whole pancreas lysate were due in part to differences in pancreatic islets, we cultured pancreatic islets isolated from WT, APP −/− and APP/PS1 animals. We cultured these islets for 24 h and selected healthy islets of similar size for lysing and Western blot analysis (Fig. 8) . We examined islet lysate for differences in APP, IDE, GLUT4 and BACE2 as differences in the levels of these proteins were observed in whole pancreas lysate. GAPDH was utilized as a loading control. As expected, APP was not detectable in APP −/− islets while APP/PS1 islets had high levels of APP. Surprisingly, like our whole pancreas extracts, IDE was significantly increased in APP −/− islets compared to WT. We were unable to detect BACE2 was present in glucagon-positive cells. Immunohistochemistry was performed on (A) WT mouse and (B) human 10 µm pancreas cryosections using antibodies against BACE2 and insulin or glucagon with or without pre-incubation with BACE2 epitope blocking peptide. Fluorescent secondary antibodies were used for visualization (anti-rabbit Alexa Fluor 488 and anti-mouse Alexa Fluor 594). DAPI staining was used to visualize cell nuclei.
Figure 8
Western blots of 12-month-old mouse primary islet cultures. WT, APP −/− and APP/PS1 pancreatic islets (n = 3) were cultured overnight, and the next day, 50 islets from each animal were selected, pelleted and lysed in RIPA buffer. Protein lysate was resolved by 10% SDS-PAGE, and then transferred to PVDF membranes and Western blotted with antibodies against APP (Y188), IDE, GLUT4 and BACE2. Anti-GAPDH was used as a loading control. Optical density was measured for IDE and BACE2 and was normalized to WT optical density. Data are expressed as mean values ± s.d., * P < 0.05. GLUT4 in islet lysates. Islet BACE2 protein levels were not significantly different in transgenic animals compared to wild-type controls, in contrast to our immunostaining results. One possibility for this discrepancy is perhaps due to loss of peripheral islet cell integrity during the isolation or culture conditions we employed suggesting that further optimization is required in future work.
APP was processed by α-secretase activity in primary islet cultures and recombinant sAPP potentiated islet insulin but not glucagon secretion
The presence of BACE2, as well as the lack of detectable Aβ, suggested that pancreatic APP was processed by a nonamyloidgenic pathway. It is known that sAPP is detectable in the conditioned media of cell cultures from a number of cell types (Weidemann et al. 1989) . To determine if processing of pancreatic APP resulted in the release of sAPP into conditioned media, we grew primary cultures of both mouse and human pancreatic islets and collected the cells and conditioned media after 24 h for Western blot analysis (Fig. 9A) . Both murine and human mutant APP were processed through the α-secretase pathway resulting in the release of sAPP into culture media, including the human mutant APP expressed in APP/PS1 islets. Human sAPPα from APP/PS1 islets was detected using the 6E10 monoclonal antibody, which has been demonstrated to bind human sAPPα (Bailey et al. 2008) .
To better understand whether secreted sAPPα may have autocrine effects, we assessed insulin and glucagon secretion from primary cultures of isolated islets. A glucose-stimulated Figure 9 sAPP was released from primary murine and human islet cultures and recombinant sAPPα potentiated islet insulin secretion during glucose-stimulated insulin secretion assay. (A) Primary islet cultures from WT, APP −/− and APP/ PS1 mice were grown for 24 h. Conditioned media was collected and protein content was assessed by Western blot using antibodies against N-terminal APP. 22C11 detects both mouse and human APP while 6E10 is specific to human APP and detects sAPPα. Human islets were cultured for 24 h and both conditioned media collected for analysis by Western blot using anti N-terminal APP antibody (22C11). (B) Primary cultures of mouse islets were assessed for differences in insulin and glucagon secretion at 5 mM glucose. Wild-type islets were stimulated with 10 nM recombinant human sAPPα and supernatant was collected for insulin (n = 8) and glucagon (n = 4) ELISA. Insulin secretion data from multiple sAPP stimulation experiments were pooled by normalizing to the mean of the unstimulated control from each experiment. (C) The MIN6 insulin-secreting cell line was grown as pseudoislets and was stimulated with 0, 1 nM or 10 nM recombinant sAPPα in GSIS assay at either 3.7 mM or 16.7 mM glucose (n = 6-8/condition). Data are expressed as the mean ± s.d., *P < 0.05. (D) Human islets were treated with 10 nM recombinant sAPPα during the GSIS assay in 3.7, 10 and 16.7 mM glucose. After one hour of treatment, islet insulin secreted into the supernatant was assessed by ELISA. Data were pooled from five donors and normalized to basal insulin secretion at 3.7 mM. Data are expressed as the mean ± s.d., *P < 0.05. 1 µM forskolin was used with 16.7 mM glucose to potentiate insulin secretion as a positive control.
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insulin secretion (GSIS) assay demonstrated significantly attenuated insulin secretion from APP −/− islets compared to WT and APP/PS1 while APP/PS1 islets had significantly higher insulin secretion compared to both WT and APP −/− cultures (Fig. 9B) . In order to determine whether the differences in insulin secretion could be related to sAPPα, WT islet cultures were stimulated with recombinant sAPPα during the GSIS assay. In these studies, we utilized 10 nM sAPPα for stimulations as this concentration has been shown to initiate signaling events in neuronal cells and is above the estimated EC 50 of 2.3 nM (Jimenez et al. 2011) . Stimulation with sAPPα resulted in a significant but modest potentiation of islet insulin but not glucagon secretion (Fig. 9B) .
This suggested that differences in basal insulin secretion from primary cultures of islets across genotype may be due, in part, to autocrine stimulation with sAPPα. It also suggests that sAPPα has a role in particularly insulin biology of pancreatic islets or may support islet phenotype and survival in vitro.
Following our observation that sAPPα potentiates insulin secretion in cultures of primary mouse islets, we sought to further validate this finding by utilizing the MIN6 mouse β-cell line to test the effect of different doses of sAPPα and different concentrations of glucose on insulin secretion from MIN6 pseudoislets (Fig. 9C) . Similar to our primary islet cultures, we observed that treatment with sAPPα modestly but significantly potentiated insulin secretion from MIN6 pseudoislets at 16.7 mM glucose concentration. This effect was dose dependent, with 10 nM but not 1 nM recombinant sAPPα having a significant effect.
In order to further validate the findings from the mouse islets and MIN6 cells, we performed similar GSIS assays on human donor islets. Treatment of human islets with 10 nM recombinant sAPPα during GSIS assays demonstrated a significant potentiation of insulin secretion using a range of glucose concentrations (Fig. 9D) 
Discussion
In this study, we report the presence of APP in pancreatic tissue, including the detection of APP within insulinproducing pancreatic β cells. We have confirmed the presence of pancreatic islet APP expression in both C57BL/6 mice and human samples, demonstrating this pattern of APP expression is confirmed across species. Interestingly, we observed APP is overexpressed within the pancreatic islets of the APP/PS1 mouse model of AD. This mouse model of AD uses the mouse prion promoter to drive human APP transgene expression. This finding indicates that the prion promoter itself may be a useful tool for driving robust gene expression of target genes specifically within the endocrine compartment of the pancreas. It has recently been reported that a 3×Tg-AD model of AD, which uses Thy 1.2 promoter, also overexpresses human APP within pancreatic islets (Vandal et al. 2015) . Because of the similarity in gene expression and phenotype between pancreatic islets and neurons, it is likely that numerous genetic elements, which drive high expression of genes in the central nervous system will also result in robust islet gene expression (Moller et al. 1992 , Atouf et al. 1997 , Martens et al. 2011 .
Despite the robust overexpression of human mutant APP within the pancreatic islets of the APP/PS1 mouse, we were unable to detect the presence of monomeric human Aβ, Aβ oligomers, or fibrils within APP/PS1 pancreatic tissue or islet cultures by ELISA or immunohistochemistry. This is in agreement with previous reports suggesting β-secretase activity is not present in pancreatic tissue extractions despite the presence of BACE1 RNA (Sinha et al. 1999 , Ehehalt et al. 2002 , Mowrer & Wolfe 2008 . In 2002, Ehehalt et al. described a shorter isoform of BACE1 RNA termed BACE1C in the pancreas along with the more well-known BACE1A isoform. BACE1C lacked detectable β-secretase activity in their assays, suggesting that pancreatic tissue may not produce Aβ, in part, because of the presence of this enzymatically inactive splice variant. However, BACE1A is still the dominant isoform of BACE1 found in the pancreas so alternative splicing cannot be the sole reason for this phenomenon. In 2008, Mowrer and Wolfe described similar alternative splicing of BACE1 in the pancreas relative to the brain, but also noted that this alone was not sufficient to explain the lack of BACE1 activity in pancreatic tissue. These authors postulated that pancreatic BACE1 is inactive due to post-translational processing mechanisms. Indeed, it has been shown that BACE1 in the pancreas and other tissues undergoes differential proteolytic processing compared to the brain resulting in lower or undetectable levels of the BACE1 holoprotein (Huse et al. 2003) . Instead of β-secretasemediated APP processing, our data suggest that APP in pancreatic islets is processed by α-secretase activity to release sAPPα. This is clearly in contrast to the CNS where both forms of APP processing occur. We were also unable to detect plaque deposition in human pancreas sections using the anti-Aβ antibody, 4G8. It is possible that pancreatic islets could be affected by circulating concentrations of Aβ rather than locally produced Aβ.
To study the significance of APP in pancreatic islet function, we examined two-month-old WT, APP −/− and 235:1 APP/PS1 animals for differences in glucose tolerance by oral gavage. This time point was important for assessing the role of islet APP in glucose tolerance because it is well before Aβ deposits are known to form in the CNS of the APP/PS1 mouse. Aβ oligomers or overexpression of the Aβ-producing enzyme BACE1 in the brain have recently been demonstrated as sufficient to induce peripheral metabolic dysregulation (Clarke et al. 2015 , Plucinska et al. 2016 . We detected no significant differences in glucose tolerance across strain, indicating ablation or overexpression of mutant APP does not severely compromise glucose homeostasis mechanisms or severely impair islet function at two months of age. Multiple-organ systems such as liver and kidney gluconeogenesis and muscle glucose uptake are involved in glucose homeostasis; thus, the effect of overexpression or ablation of pancreatic islet APP on blood glucose levels during glucose tolerance testing may be masked by glucose-regulating compensatory mechanisms in other organs. In addition to glucose tolerance testing, we also measured the pancreatic insulin and glucagon content by ELISA. Our results indicate that while total insulin content was unchanged, total pancreatic glucagon levels and glucagon immunostaining were significantly attenuated in animals expressing the APP/PS1 transgenes, suggesting that overexpression of mutant APP or presenilin in pancreatic islets may alter the development of α-cells or affect their secretory functions. BACE2 levels were also diminished in the APP/PS1 animals, further suggesting that the APP/PS1 mice may have fewer pancreatic α cells. Future work requiring, perhaps stereologic assessment may provide a clearer indication of changes in total α cell numbers in the APP/PS1 compared to WT mice. One possible mechanism for a change in α cell number could be through alterations in Notch biology. Presenilin is part of the γ-secretase complex, which cleaves the Notch protein to liberate the biologically active NICD fragment. NICD then enters the nucleus where it affects the transcription (Chan & Jan 1999) . Notch signaling is thought to play a critical role in the normal development of the endocrine pancreas suggesting that mutant presenilin expression in the pancreas may indeed influence this biology (Jensen et al. 2000 , Hald et al. 2003 , Murtaugh et al. 2003 .
Our examinations of pancreatic protein content in two-month-old animals revealed changes in the levels of IDE, GLUT4 and BACE2. Animals lacking the APP gene showed increased levels of IDE and GLUT4, while APP −/− and APP/PS1 animals showed reduced BACE2 levels compared to wild type in Western blot. IDE has been identified as an enzyme capable of degrading Aβ and amylin in addition to insulin. These functions may be important in the pancreas, as inhibition of IDE has been shown to enhance toxicity of islet amylin (Bennett et al. 2003) . GLUT4 is considered the insulin responsive glucose transporter and is well known for its role in muscle and fat tissue. Recent studies have presented evidence that both sAPP and Aβ may influence the cellular localization of GLUT4 (Hamilton et al. 2014 , Oliveira et al. 2015 . BACE2 has been previously implicated as both an APP cleaving enzyme and regulator of β cell function through the cleavage of the transmembrane protein TMEM27 (Esterhazy et al. 2011) . It has been proposed that full length TMEM27 supports beta cell growth and insulin secretion, thus blocking its cleavage by inhibiting BACE2 activity may represent a therapeutic strategy to control blood glucose in diabetic patients (Southan 2013) .
We also examined protein content of primary islet cultures from 12 month old WT, APP −/− , and APP/PS1 animals. Similar to whole pancreas extracts, IDE was present at higher levels in APP −/− compared to WT controls. This indicates that APP may play a role in negatively regulating the expression of IDE, or that differences in the APP −/− animals lead to upregulated IDE expression. We could not detect GLUT4 in our islet lysates; however, GLUT4 is not considered a major glucose transporter in the pancreatic endocrine cells and differences observed in whole pancreas were likely from other cell types. BACE2 levels were not significantly different in islets from transgenic animals compared to controls, which is in contrast to both our immunohistochemistry and whole pancreas Western blot results. This could be in part due to the process of pancreatic islet isolation in which the pancreas is digested with proteases to liberate the islets from exocrine tissue. It is likely that this isolation process would affect the cells at the islet periphery expressing BACE2. Alternatively, some BACE2 in whole pancreatic extracts may be due to the contribution of other cell types.
Although higher glucose culture concentrations are reported to improve islet culture and reduce apoptosis, we chose to avoid high glucose levels that may influence APP expression or processing. Several lines of evidence suggest that culturing cells in high glucose concentrations can alter APP processing and affect APP protein levels (Yang et al. 2013 . Additionally, a recent study utilizing glucose clamps to sustain hyperglycemia demonstrates that increasing glucose concentrations in vivo alters APP processing to influence Aβ levels in the CSF (Macauley et al. 2015) . We considered the implications of these studies and thus 5 mM glucose was selected for our paradigm. We avoided larger islets with necrotic centers in an attempt to minimize artifacts induced by cell death from lower glucose concentrations. However, since islet glucose concentration exposure in vivo may be well above 5 mM, there was a concern that our primary islet sAPPα stimulation paradigm was superimposed upon a glucosedeficient condition. To verify that sAPPα-stimulated insulin secretion at higher glucose concentrations, we employed the MIN6 cell line to demonstrate that insulin secretion was still potentiated at 16.7 mM glucose concentration. Future studies will require further optimization of islet culture conditions including higher glucose concentrations. In addition, it is important to remember that although the wild-type mice are littermate controls of the APP/PS1 mice in our study, the APP −/− mice were derived from a homozygous colony and comparison to the other two lines is potentially limited by this. Nevertheless, these data suggest changes in pancreatic APP content or processing may result in alterations in the levels of proteins important to pancreatic physiology and influence the pathology of pancreatic diseases.
Interestingly, our immunohistochemistry data indicated that primary antibodies directed against BACE2 showed increased binding in pancreatic α cells compared to β cells in both mouse and human tissue. This is particularly interesting as BACE inhibitors are actively being explored as a therapeutic strategy in AD (Kennedy et al. 2016) . Our detection of BACE2 in α cells is in contrast to reports indicating the highest pancreatic BACE2 expression is found within pancreatic β cells (Finzi et al. 2008 , Esterhazy et al. 2011 . A likely reason for this discrepancy is the binding site of the antibody used to detect pancreatic BACE2. BACE1 and BACE2 share a high degree of sequence similarity, and several alternatively spliced transcripts of BACE1 are known to be present in the pancreas (Ehehalt et al. 2002 , Mowrer & Wolfe 2008 . In agreement with our findings, a recent study by Segerstolpe and coworkers also observed higher expression of BACE2 in α cells relative to β cells through single-cell transcription profiling, which can be viewed at the online database at http://sandberg.cmb.ki.se/pancreas/ (Segerstolpe et al. 2016) . In this study, we utilized a polyclonal antibody raised against the BACE2 prodomain sequence not present in the BACE1 sequence. Prodomain cleavage is thought to be an essential step in the activation of the BACE2 proenzyme; thus, our immunohistochemistry results could indicate differences in BACE2 activation in α and β cells (Hussain et al. 2000 (Hussain et al. , 2001 .
Our assessments of isolated pancreatic islets demonstrate both endogenous murine APP and transgenic human APP are released as sAPP into culture media from WT and APP/PS1 mouse islets, respectively. We also observed modest but significant differences in the insulinsecretion properties of islets overexpressing or lacking APP compared to WT controls, suggesting the presence of APP may influence the basic functional properties of β cells in vitro. However, a lack of detectable differences in APP −/− and APP/PS1 animals compared to WT controls in glucose tolerance testing at two months of age suggests APP is not essential for normal islet insulin secretion or glucose homeostasis in vivo.
sAPP has been shown to exert effects on a variety of cell types. In the central nervous system, sAPP is thought to promote neurite outgrowth and influence the differentiation of neural stem cells (Jin et al. 1994 , Porayette et al. 2009 , Freude et al. 2011 , Baratchi et al. 2012 . sAPP has also been implicated as having a growth-enhancing effect in pancreatic cancer, in addition to altering the proliferation rate of other cell types (Hansel et al. 2003 , Demars et al. 2011 , Woods & Padmanabhan 2013 . Our data indicate that recombinant sAPPα modestly potentiates insulin secretion in pancreatic islets from both mice and humans in vitro. This suggests that sAPP may exert effects on β cell function, potentially by acting on cell surface receptors in an autocrine fashion. The mechanism through which sAPP exerts its biological effects is uncertain and may be due to interactions with several proteins. Several studies have identified putative cell-surface receptors for sAPP. These include the P75 neurotrophic receptor, LRP1, as well as APP itself (Kounnas et al. 1995 , Hasebe et al. 2013 . The putative receptors and biological effects of sAPP signaling have recently been extensively reviewed (Habib et al. 2017) . Stimulation of these cell-surface receptors by sAPP may influence the survival or phenotype of islets in culture. Indeed, recombinant sAPP has been shown to induce cell signaling cascades, which may account for its effects on cultured islets (Bodles & Barger 2005 , Jimenez et al. 2011 , Deng et al. 2015 . Our future work will focus on identifying signaling cascades and downstream effects induced in pancreatic endocrine cells by both APP and sAPP.
To our knowledge, our data are the first report showing sAPP is released from both primary mouse and human islet cultures into culture media. We also present new data indicating expression of the BACE2 protein in pancreatic α cells. Findings from this study contribute to the basic understanding of amyloid precursor protein and pancreatic islet physiology.
